Abstract: Hybrid Si/InGaAsP Fabry-Perot evanescent lasers are fabricated via wafer bonding. Compared with previous similar devices, the current threshold density, turn-on voltage, output power and slope efficiency are all improved. Images show modal confinement to Silicon.
Introduction
Chip-level, monolithic integration of laser sources together with high speed, Si integrated circuits has constituted a "holy grail" for research and development for over 30 years. Unfortunately, the indirect bandgap of Si renders it a poor converter of electricity to light, and the epitaxial growth of III-V layers of sufficient quality and thickness has been proven to be a major obstacle. Recent years witnessed a major reawakening of this interest, pursued primarily to support high rate communication among multiple processors [1] . Numerous avenues have been followed towards obtaining Si-integrated lasers, including optically pumped Raman amplification [2] , rare-earth doping [3] and nanocrystalline Si structures [4] . One successful approach is based on low temperature bonding of InGaAlAs material on top of a pre-patterned Si-on-insulator (SOI) wafer [5] [6] [7] . The geometry of the bonded structure is designed to support a joint optical mode, whose profile overlaps both materials. Using this underlying technology, the InGaAlAs layers, which include multiple quantum wells (MQWs), could be patterned post-bonding to produce Fabry-Perot (FP) [5] , racetrack [6] and distributed feedback (DFB) lasers [7] , the output of which is largely confined to a Si waveguide. A similar approach was implemented in Si-coupled microdisc lasers [8] , although their output power was restricted to tens of µW.
One of the key challenges facing the large scale integration of hybrid Si/III-V active devices is the extent of heat generated in the laser [9] . Heat conduction away from the active region is hampered by the poor thermal conductivity of the lower cladding SiO 2 layer. It is therefore of upmost importance to reduce both the lasing threshold current and the voltage of the devices, and increase their efficiency. In this work, we demonstrate hybrid Si/III-V, evanescent FP lasers based on a different III-V material system, that of InGaAsP layers. The threshold current density and the threshold voltage of the fabricated devices at 15°C are 1.25 kA/cm 2 and 1.3 V respectively, representing a 30-40% improvement over those of the previously reported hybrid evanescent FP lasers [5] . The turnon voltage of the lasers is as low as 0.8 V. At the same time, the output power and differential slope efficiency of the devices are improved as well, reaching 12.5 mW per facet and 8.4% per facet, respectively. The results are preliminary, and may be further improved considerably with the implementation of longitudinally varying modal confinement control [10] . High resolution near field images of the output facet, taken with an infra-red camera, show that the lasing mode is predominantly confined to the Si waveguide. We also examine the dependence of the laser performance on the width of the Si waveguide. A minimum width of about 900 nm is required to achieve continuous wave (CW) lasing operation for the laser structure under study. This observation may be interpreted in terms of modal confinement.
Design and fabrication
The hybrid laser structure consisted of a SOI and InGaAsP wafers bonded together. The thicknesses of the buried SiO 2 layer and the undoped Si device layer were 2.0 µm and 900 nm, respectively. A waveguide was defined in the Si device layer using electron beam lithography and subsequent SF 6 /C 4 F 8 reactive ion etching. The Si waveguide width was varied between 800 nm and 1.3 µm. The Si to the two sides of the waveguide was entirely etched, down to the SiO 2 layer. The details of the key structural layers of the InGaAsP wafer are provided in table 1 below. The wafer design guidelines closely follow those of [5] , albeit in a different material system.
The bonding procedure began with solvent and hydrofluoric acid cleaning of both surfaces. A 10 nm thick oxide layer was grown on top of the patterned SOI wafer, to enhance the bonding strength. The oxide layer was thermally grown at a high temperature of 800°C, however the thermal growth will be replaced in future work by low temperature (< 350°C) plasma enhanced chemical vapor deposition of SiO 2 . The surfaces of the two wafers were a1376_1.pdf OThN1.pdf
OThN1.pdf 978-1-55752-865-0/09/$25.00 ©2009 IEEE then activated through exposure to oxygen plasma, and bonded together under a pressure of 0.1 MPa at 300°C for 1 hour. Low temperature, plasma assisted bonding was shown to be a powerful tool for integrating dissimilar material systems [5, 11] . Following the bonding, the InP substrate was removed by hydrochloric acid wet etching. An 80 µm wide mesa structure was formed in the InGaAsP layers, centered above the Si waveguide, through photolithography and subsequent three-phase wet etching of the various layers down to the n-InP contact layer. Metal contacts were deposited for the p-side on the p-InGaAs layer at the top of the mesa, and for the n-side on the exposed n-InP layer to the two sides of the mesa. The flow of current in the device was laterally confined to a 5 µm wide channel, by means of proton implantation on its two sides [5] . Prior to the measurements, the SOI wafer substrate was lapped down to 50 µm thickness, and individual device bars were cleaved and annealed at a temperature of 410°C for 10 s. Figure 1 shows scanning electron microscope (SEM) images of the device cross-section, as well as a top view optical microscope image. 
Measurement results

Figure 2 (upper left)
shows an L-I-V curve of a 960 µm long device, mounted on a thermo-electric cooler at 15°C. The device turn-on voltage was 0.8 V, and the lasing threshold voltage was 1.3 V. The threshold current was 60 mA, corresponding to a threshold current density of 1.25 kA/cm 2 . The maximum power output from a single facet was 12.5 mW, and the differential slope efficiency for a single facet was 8.4%. The series resistance of the laser was 8 Ω.
With the exception of the resistance, all the above parameters represent 30-40% improvement upon previously reported results for FP hybrid lasers [5] . Despite the conceptual similarities, many differences exist between the two devices (material system, number of quantum wells, various fabrication details), and further work is necessary to fully investigate the differences in performance. Nonetheless, the potential for obtaining improved devices has been demonstrated. Figure 2 (upper right) shows the laser spectrum. The central wavelength is 1490 nm.
A high resolution near field image of the output laser beam is shown in Fig. 2 (bottom) , superimposed on a scaled SEM cross section image of the device. The light spot appearing in cyan at the left-had sidewall of the device is attributed to a small current leakage obtained in the particular laser. While such current leakage is undesired, it is used here for the vertical registration of the InGaAsP mesa. The image provides a striking illustration to the confinement of the lasing mode in the Si waveguide [5, 10] . To the best of our knowledge, such images have not been reported to date. Finally, the performance of devices having different Si waveguide width W was compared. While CW lasing was achieved in all 15 devices with W ≥ 900 nm, it could not be obtained in any of 5 devices built with W = 800 nm. We attribute this sharp transition in performance to the modal confinement. With a narrow Si waveguide the hybrid mode is largely confined to the III-V material [10] . However, since the cleaved facets fracture along the Si crystalline plane and there is no precise angular alignment between the wafers at the bonding stage, the feedback provided to the mode in these conditions is very poor. Increasing W results in greater confinement of the mode to the Si waveguide, leading to stronger feedback. Future work will make use of these observations to control the optical confinement along the cavity. Such control is expected to provide significant further improvement in device performance [10] .
